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We use two-color pump-probe spectroscopy to study Rydberg excitons in Cu2O in the presence of free carriers
injected by above-band-gap excitation. Already at plasma densities ρeh below one hundredth electron-hole
pair per µm3, the Rydberg exciton absorption lines are bleached while their energies remain constant, until
they finally disappear, starting from the highest observed principal quantum number nmax. As confirmed by
calculations, the band gap is reduced by many-particle effects caused by free carriers scaling as ρ1/2eh . An
exciton line looses oscillator strength when the band edge approaches the exciton energy vanishing completely
at the crossing point. We quantitatively describe this plasma blockade by introducing an effective Bohr radius
that determines the energy distance to the shifted band edge. In combination with the negligible associated
decoherence this opens the possibility to control the Rydberg exciton absorption through the plasma-induced
band gap modulation.
Introduction. Coulomb-correlated two-particle complexes
in the presence of free charges are of great interest in ar-
eas such as atomic physics, plasma physics or condensed-
matter physics and represent a central problem of interacting
many-body physics. In solids, the most prominent bound two-
particle complex is the exciton formed by a negatively charged
electron and a positively charged hole. The interactions be-
tween excitons as well as of excitons with free carriers have
been studied intensely by linear and non-linear spectroscopy,
addressing mostly the ground state in prototype semiconduc-
tors such as GaAs bulk crystals and quantum wells.1–3 Carrier
densities are typically assessed relative to the Mott density,4,5
which is the density where excitons in their ground state disso-
ciate into an electron-hole plasma and are no longer optically
excitable. This density can be roughly estimated by the con-
dition that the inter-carrier separation becomes equal to the
exciton Bohr radius.
In linear spectroscopy of excitons, such as photolumines-
cence, hardly any changes of the emission line are observed
up to densities coming close to the Mott density: only then a
low energy shift combined with a line broadening can be iden-
tified.3 In non-linear spectroscopy, such as four-wave mixing,
exciton-exciton scattering was shown to lead to decoherence
for densities at least an order of magnitude below the Mott
density.3,6 Limited resolution and sensitivity combined with
considerable homogeneous and/or inhomogeneous broaden-
ing have prevented studies of interaction effects at lower den-
sities.
Here we address the interaction of excitons not in their
ground state but in states of large principal quantum numbers
with carriers at densities many orders of magnitude below the
Mott density – a problem that turns out to be intimately re-
lated to the question of the highest principal quantum number
nmax that can be observed. This high-resolution study is fa-
cilitated by the recent observation of such highly excited ex-
citons in absorption spectroscopy with linewidths in the µeV-
range in cuprous oxide.7 Specifically, we consider Rydberg
states up to n > 20 in the hydrogen-like exciton series. From
their huge extension in the µm-range, giant interaction effects
arise: when an exciton is excited into a Rydberg state, exci-
tation of another exciton in close vicinity of the first one is
prevented due to the shift of the absorption by the interac-
tion energy between the excitonic dipoles – an effect known
in atomic physics as Rydberg blockade.8 Estimates indicate a
few µm-sized blockade volume in which the exciton absorp-
tion is blocked.7 These studies suggest that Rydberg excitons
provide unique possibilities to understand the exciton-plasma
interaction at very low carrier densities.
In detail, we study the impact of an ultralow-density plasma
with electron-hole-pair densities down to less than ρeh = 0.01
µm−3 on Rydberg excitons at T = 1.35 K. When exciting free
carriers above the band edge, already extremely low pump
powers modify the exciton spectrum by reducing the absorp-
tion of the discrete spectral lines. On the other hand, their
energies remain unchanged as do their spectral linewidths, in-
dicating negligible decoherence induced by the free carriers.
Ultimately, exciton lines disappear, starting from the highest
observed nmax, as a result of the band gap reduction to to the
plasma. The density of less than one hundredth of an electron-
hole pair, at which the absorption of the µm-sized excitons can
be controlled by the plasma-induced band gap modulation, in-
dicates a “sub-quantum” control by fractional charge within
the exciton volume.
Experiment. For the absorption studies, a thin Cu2O crys-
tal slab with a thickness of 30 µm is placed in the variable
temperature insert of a Helium cryostat. For excitation we
use two frequency-stabilized dye lasers. One laser, the probe,
is used to scan the exciton spectrum by tuning the emitted
photon energy, while the other pump laser is used for exci-
tation of electron-hole pairs by fixing its photon energy to a
value above the band gap of cuprous oxide which is located
at 2.172 eV. The pump spot size of 0.3 mm is chosen slightly
larger than the probe spot size to ensure homogeneous exci-
tation conditions. The output of the probe laser is stabilized
by a noise-eater. After transmission through the sample, the
probe laser light is detected by a photodiode.
Figure 1 shows absorption spectra of Rydberg excitons
recorded at T = 1.35 K. Without pump beam the series of
P-exciton states can be observed up to n = 23 (top trace).
The decrease of the area below each absorption line with in-
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FIG. 1. Absorption spectra of Rydberg excitons from n = 10 on-
wards recorded at T = 1.35 K for simultaneous application of a
pump laser with photon energy 2.2 eV, operated at different powers.
The top trace shows the absorption without pump. The dashed lines
show the background absorption due to phonon-assisted processes
plus the absorption into the continuum states. The arrows indicate
the position of the band edge. Traces are shifted vertically for clarity.
creasing principal quantum number shows some deviations
from the expected scaling9 of the exciton oscillator strength
in an unpumped crystal: while for n ≤ 15 the observed peak
area follows well the n−3 scaling, for n = 20, e.g., it is re-
duced by a factor of 3 compared to the expectations as already
observed in Ref. 7, and this deviation increases further with
n. The absorption lines appear on a continuously increasing
background which should have two contributions. One is as-
sociated with optical phonon-assisted absorption into 1S yel-
low and green excitons.10 In the small energy range shown of
1 meV only, it is almost constant (variation < 1%). The sec-
ond one is due to absorption into continuum states by direct
forbidden transitions, which should follow a step like behav-
ior at the band edge.9 Instead, the absorption shows a smooth
rise towards the band edge (see the dashed line at the top trace
in Fig. 1) which can be approximated well by an exponential
tail similar to the well-known Urbach tail in the optical re-
sponse of semiconductors.11 Noteworthy, the transition to the
constant behavior does not occur at the nominal band edge
but is shifted to lower energies by about 150 µeV. We attribute
both efffects to the influence of residual charged impurities
due to non-complete compensation in Cu2O12 that is typically
p-type. These impurities provide on the one hand a disordered
potential, giving rise to the Urbach tail, and on the other hand
lead to screening.
The pump photon energy is fixed at 2.20 eV, which is
28 meV above the band edge. The pump power is varied over
more than three orders of magnitude from 5 µW to 12 mW.
Already for the lowest pump powers, the absorption becomes
considerably reduced, leading to the disappearance of exci-
ton resonances. This is associated with a further down shift
of the apparent band edge position that can be accurately as-
sessed by the transition from the Urbach tail to the flat con-
tinuum absorption (see the arrows in Fig. 1). More and more
lines vanish with increasing power starting from the highest
ones, until for the strongest applied power only the states up
to n = 12 are observed.
Particularly noteworthy is that during this evolution the en-
ergies of the exciton lines remain constant within a fraction
of their linewidth and, within the range where it can be rea-
sonably estimated, also the linewidths of the resonances are
unchanged. Therefore, the disappearance of the excitons can-
not be related to scattering processes with the plasma because
that would lead to lifetime reduction and resonance broaden-
ing. Rather it has to be related to a change of the exciton
envelope functions due to the presence of the plasma. This
dressing by a plasma is well known in atomic plasmas13 but
has never been considered in solid state physics up to now.
Despite the different physical origin, the entire phe-
nomenology is somewhat similar to the aforementioned Ry-
dberg exciton blockade, so that the observations may be sum-
marized by the term plasma blockade. In Fig. 2 the main ex-
perimental findings are summarized. Panel (a) the variation
of the band edge shift with pump power and panel (b) the de-
crease of the peak area of the absorption lines with the shift
of the band edge (for nmax as a function pump laser power see
Fig. 3a).
Theory. From a theoretical point of view, the free carri-
ers induced by above-band-gap excitation cause self-energy
corrections and thus lower the band edge akin to the Mott
effect.13–15 In Cu2O, the necessary plasma density16 for the
fundamental 1S exciton to vanish into the continuum and be-
ing no longer excitable, is roughly ρMott ≈ 3 · 1018 cm−3.
However, we are interested in the Mott-effect analogue for
large values of n, that occurs at much lower plasma densities
and hence laser intensities.
The plasma degeneracy parameter is given by the prod-
uct of the volume associated with the thermal wavelength
Λth(= ~
√
2pi/µehkBT ) times the plasma density, Λ3thρeh.
13
In the low-density regime, the degeneracy parameter is much
smaller than 1 as is the case in our experiments where even for
large ρeh = 1 µm−3 and a plasma temperature of 5 K (see Fig.
2b) it is about 0.15, so that the non-degenerate classical Debye
theory can be applied for the plasma.13 Only for much smaller
T in the mK range the more general description established
by Zimmermann et al.14,17 (for more recent elaborate investi-
gations see Refs. 15 and 18) would be necessary. In the Debye
model, the correlation part of the chemical potential ∆D is a
good measure for the band edge shift and depends on plasma
density and temperature through ∆D = −κe2/(4pi0b) with
κ being the inverse screening length, which for a plasma with
two components differing in effective temperature is given
by κ2 = 2ρehe2/(0bkBTsc) with the effective screening
temperature 1/Tsc = (1/Te + 1/Th)/2. Te and Th are the
plasma temperatures of electrons and holes, which in nonequi-
librium situations differ from the crystal temperature TK as
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FIG. 2. (a) Comparison of experiment (red dots) and theory (red
bars) for the maximum observable exciton state nmax vs. pump laser
intensity for a crystal temperature T = 1.35 K with ~ωL = 2.2 eV
(left ordinate) and dependence of band edge shift on pump laser
power (right ordinate). To highlight the effect by the optically ex-
cited plasma, we subtracted from the experimental points (blue dots)
the shift at zero power (see text). Blue line: band edge shift ∆D as
obtained from the Debye model using the densities obtained from the
rate equations (see text). (b) Comparison of the experimental peak
area19 and the relative oscillator strength frel calculated from the ef-
fective Bohr radius and quantum number vs. pump laser power as
discussed in the text for n = 11 (red points and line), n = 13 (blue)
and n = 15 (magenta).
they are determined by relaxation and cooling of the carriers
(see SOM).
We then expect the exciton states to vanish when the chem-
ical potential (see Fig. 3a) is large enough that the band edge
gets below the exciton state. For the n = 25 exciton, the high-
est principal quantum number revealed so far in experiment,7
this happens already for densities as low as ρeh ≈ 10−2 µm−3.
For a density about two orders of magnitude larger, but still six
orders below the 1S Mott density, the n = 10 exciton can no
longer be observed. From the Mott criterion we find for the
dependence of the critical plasma density ρeh,c(n), at which
an exciton state n vanishes into the continuum, a scaling with
n−4 which is in reasonable agreement with the experiments
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FIG. 3. Part a): Debye shift ∆D vs. plasma density, at Tsc = 1.35 K
(blue line) and at Tsc = 10 K (red line), whereby these values set the
limits of the effective screening plasma temperatures (see Fig. 2b).
The horizontal lines give the binding energies for the Rydberg ex-
citons with n = 25, 20, 15, 10 (from bottom to top). Part b): De-
pendence of the effective Bohr radius aBeff (in units of the Bohr ra-
dius aB (dashed lines, right ordinate) and the effective main quantum
number neff (full lines, left ordinate) on the band edge shift ∆ for
various main quantum numbers from 12 to 35. The corresponding
density of the electron-hole plasma (Tsc = 5 K) is shown as the up-
per abscissa.
(see Fig. 2a).
To be more quantitative, we have to connect the plasma
density ρeh to the applied laser power. The density obeys a
rate equation dρeh/dt = G − Γehρeh − Γrcρ2eh with the gen-
eration rate G proportional to the pump power, the inverse
lifetime Γeh, and the bimolecular recombination rate Γrc (for
details, see SOM). The final plasma temperature also depends
on the relaxation rates. The shorter the lifetime, the hotter is
the plasma. Thus the dependence of density and temperature
(and, therefore, of the band edge shift) on the pump power is
determined (see Fig. 2b) in effect only by the relaxation pa-
rameters of the plasma. To highlight the plasma influence, we
have corrected the measured ∆ by that due to impurities (∆0
at PL = 0) by taking
√
∆2 −∆20. Choosing the appropriate
parameters (1/Γeh = 18 ns and Γrc = 1.15 · 10−12 cm3/ns),
which can be done quite uniquely, results in the blue line in
Fig. 2b. From the relaxation parameters, the dependence of
the plasma density on laser power (see the bottom and top ab-
4scissa in Fig. 2a) can be obtained straightforwardly.
On this basis, we can analyze in detail the impact of the
presence of a plasma on the exciton spectrum. Note that
the reduction of the band gap is a first-order plasma process,
while, in the corresponding shift of the exciton resonances,
various many-particle effects compensate each other to a large
extent, e. g. the self-energy, Pauli blocking, and screening
of the interaction.13,17 The calculations replicate the observed
downward trend of nmax quite well (see the theoretical depen-
dence in Fig. 2a). Similarly striking, however, is the decrease
of oscillator strength of the lines starting already below the
critical plasma density ρeh,c(n) (see Fig. 2c). For P -excitons,
the oscillator strength is determined by the square of the slope
of the wave function at r = 0, fosc(n) ∝ (∂φ(r)/∂r|r=0)2 =
(n2 − 1)/(3pia5Bn5).9 From related studies of hydrogen in
atomic plasmas13,20,21 it is known that the wavefunctions are
modified in two ways: On the one hand, they obey a modified
Wannier equation (i.e., the Schrödinger equation for the rela-
tive motion of electron and hole) with the screened Coulomb
potential, that in a first approximation can be taken as the
Debye potential VD(r) = e2/(4pi0br) exp(−κr) that in-
cludes the Debye shift accounting for the band gap renormal-
ization.13 A simple, but for low plasma densities quite accu-
rate method, is to apply a variational procedure by adjusting
the Bohr radius of the otherwise unchanged hydrogen wave
function.20 This gives the following expression for the energy
of a P state with quantum number n (with x = aBeff/aB and
ξ = κaB/2
〈EP(n)〉 = ∆D + Ry
n2
(1)
×
(
1
x2
− 2
x
1
(1 + nξx)2n
2F1(−1− n, 2− n, 1, (nξx)2)
)
.
Here 2F1 is the Gaussian hypergeometric function. The effec-
tive Bohr radii aBeff > aB obtained in this way for different
n are shown in Fig. 3b. On the other hand, it is well known13
that for higher plasma densities the simple Debye screening
underestimates the renormalization of the wave function lead-
ing to a red shift of the energies and to an overestimation of
the Mott densities. Only if the full dynamic screening is taken
into account, resulting in an admixture of states with higher
quantum numbers,21 the correct behaviour of the states is ob-
tained. In a qualitative way this can be taken into account
by ascribing an effective quantum number neff to the states so
that the energy of the renormalized state 〈EP(n)〉 stays equal
to that of the unperturbed state independent of the band edge
shift ∆D. The values of neff obtained in this way are also
shown in Fig. 3b.22 Starting from aB, aBeff increases already
at relatively small band edge shifts and thus low densities (see
the upper abscissa in Fig. 3b). On the other hand, neff stays for
low densities almost constant, but diverges then quite rapidly
approaching the Mott density.
Assuming that the dependence of the oscillator strength
with Bohr radius and quantum number is also valid for the
perturbed states, but now with aBeff and neff, the oscilla-
tor strength and, therefore, the peak area depend via the
band edge shift on density and temperature of the electron-
hole plasma. A comparison of the relative oscillator strength
(frel(n) = (n2eff − 1)/((aBeff/aB)5n5eff)) obtained in this way
with the peak area of the P lines (Fig. 2c) shows a surpris-
ingly good agreement, especially in view that there are no
adjustable parameters, which convincingly demonstrates the
applicability of our model. The description appears to be even
correct at zero pump power, where the band edge shift is in-
duced by uncompensated impurities. Therefore, we conclude
that the highest observable principal quantum number is de-
termined by the amount of uncompensated impurities which
depends on temperature and can be directly read off from the
effective band edge of the crystal. Indeed in the record break-
ing n = 25 observations the effective band edge was shifted
by only 110 µeV. So to be able to observe higher n, one must
be able to control this shift, e.g. by further lowering the crys-
tal temperature into the mK range. The best way, however,
would be to have even purer samples available, which will be
a great challenge for crystal growth.
Conclusions. We have studied the Rydberg exciton absorp-
tion under the influence of a driven electron-hole plasma. In-
side a Cu2O crystal, the plasma shifts the band edge down-
wards, diminishing the maximum excitable Rydberg state.
Even without pumping, a band edge shift is present due to
unavoidably uncompensated impurities which allows one to
predict the necessary conditions to observe even higher Ryd-
berg states than observed thus far. Based on our understanding
of the plasma influence on Rydberg excitons, we are able to
control said influence, e.g., to precisely limit the maximum
observable principal quantum number by injecting a single or
very few electrons in the target volume. That leads to a fast
modulation of this plasma blockade induced by the band gap
modulation and could be an essential tool to manipulate Ryd-
berg states in future technologies, even at the quantum level,
without introducing any notable decoherence.
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